Abstract A finite element method is used to analyze the performance of a microstructured optical fiber-based surface plasmon resonance sensors aimed for biomedical applications, such as the detection of blood carried species. Birefringence obtained by removing of a row of holes in a two-ring hexagonal lattice of holes in a gold covered silica fiber leads to a relatively high sensitivity of the fiber optical response to a refractive index of the analyte surrounding the fiber. This fiber structure supports two types (I and II) of resonant modes. In these modes, there is an opposite variation of some sensing parameters with the increase of the refractive index of the analyte between 1.36 and 1.39. Thus, for a smaller value (1.36) of the refractive index of the analyte n a , the resonance spectral width δλ 0.5 is large for the core mode I and small for the core mode II but for a larger value (1.39) of n a , δλ 0.5 is small for the core mode I and large for the core mode II. Also, for n a = 1.36, the amplitude sensitivity S A is small for the core mode I and large for the core mode II but for n a = 1.39, S A is large for the core mode I and small for the core mode II. By adjusting the radius of the gold layer, the proposed sensor shows high spectral sensitivity S λ and narrow δλ 0.5 at the same resonance wavelength and n a (1.39) where the figure of merit (FOM) is very large in comparison with the most recently published values.
Introduction
Microstructured optical fiber-based plasmonic devices have attracted a large interest [1] [2] [3] [4] [5] [6] [7] [8] for their application in chemical and biochemical sensing because of their large sensitivity combined with the possibility to easily tailor their properties by varying the geometry of the photonic crystal fiber. For instance, by changing the hole number and position the phase matching [1] or the loss matching [2] [3] conditions between the fundamental HE 11 core mode and a plasmon mode can be achieved.
In search of new approaches to enhance the sensitivity, recently, quite a number of papers have proposed new photonic crystal structures that exploit asymmetries to induce birefringence. An example is in [4] , which uses a two-ring hexagonal lattice photonic crystal fiber arrangement, and the gold layer and the analyte are not placed inside the air holes but outside the fiber structure, allowing a simplification in the fabrication process [2] [3] . The obtained spectral sensitivity S λ is 4000 nm/RIU (RIU stands for refractive index units) when the refractive index of the analyte n a is varied from 1.33 to 1.34 and 2000 nm/RIU when n a is varied from 1.36 to 1.37; the amplitude sensitivity S A is 320 RIU −1 for n a = 1.36.
In another recent paper [5] , a D-shaped hollow core microstructured optical fiber-based surface plasmon resonance sensors are proposed; in this case, S λ and S A values of 2900 nm/RIU and 120 RIU −1 , respectively, when n a is varied from 1.33 to 1.34 have been reported. In another recent paper [6] , an alternative plasmon D-shaped microstructured biosensor with rectangular lattice has been presented; the largest value of figure of merit (FOM) [13] is 478.3 RIU −1 and the lowest value of the resonance spectral width δλ 0.5 is 13.6 nm for the core-guided mode; then for n a > 1.398, a record value of S λ > 7481 nm RIU −1 has been obtained, although multiple resonance peaks and large spectral width can deteriorate the signal-to-noise ratio.
In this paper, a new microstructured birefringent fiberbased plasmonic sensor is introduced and its sensing characteristics are analyzed through a finite element method. The proposed structure is made of a two-ring hexagonal lattice with five of the central horizontal air holes suppressed, and as in [4] , the gold layer and the analyte are outside the fiber structure [2] , so to simplify its realization and use.
The Microstructured Plasmonic Optical Fiber Geometry
The considered microstructured optical fiber ( Fig. 1 ) is made by a SiO 2 core with 14 small air holes placed at the vertices of a two-ring hexagonal lattice in which five central horizontal holes are omitted to introduce a birefringent behavior. The silica core is then further surrounded by gold and analyte layers. The structure is similar to that described in [4] , except that in the proposed case the central hole and two air holes in the same row-second ring is omitted. At the resonance wavelength, where there is a phase matching or a loss matching condition between a core mode and a plasmonic mode, this makes the x-component of the electric field in the sensing layer stronger than the corresponding y-component. In this fiber structure, there are two types of resonant modes: type I, when the main electric fields are oriented in the same x direction on the left and right sides of the gold layer; type II, when orientations of these electric fields are in opposite directions. This allows maximizing the sensor performance by properly choosing the resonance mode type depending on the analyte expected refractive index value.
A finite element method is used to compute the propagation constants of the core and plasmon modes (mode index ν = 1) in the structure and to analyze the power absorption efficiency for these modes. The wavelength dependence of the refractive index of silica and gold has been modeled by using, respectively, a Sellmeier formula for SiO 2 [9] [10] [11] and a Drude relation [12] for Au.
Numerical Results and Discussion
The proposed sensing structure is intended for biochemical applications, such as measurement of blood carried species for which the typical refractive index values of the analyte is in the range 1.36-1.39. Therefore, the radii and thickness parameters will be chosen to optimize the performance in this working range. For the same reason, the analysis has been carried out mainly for said refractive index values. In the first part of this section, we report the results obtained from the analysis of the proposed microstructured optical fiber probe ( Fig. 1 ) in which the 14 small air holes have all the same radius (r = r 1 = r 2 = … = r 14 = 0.5 μm) and are placed at the vertices of a two-ring hexagonal lattice with vertice-to-vertice distance d = 2 μm. As already pointed out, five central horizontal holes are then omitted to introduce the asymmetry that in turns induces the strong birefringent behavior. The SiO 2 substrate has radius r g = r 15 = 5 μm and is surrounded by a gold layer, with thickness t g = r 16 -r 15 = 40 nm, followed by an analyte layer. These radii and thicknesses are the values giving the optimal sensor performance as it will be shown in the second part of this section, in which some results for slightly different values will be reported. Table 1 shows the resonant wavelength λ, the effective indices β/k for the core and plasmon modes, the difference Δ(β/k) r between the real parts of the effective indices of core and plasmon modes and the difference Δ(β/k) i between the imaginary parts of the effective indices of the same modes. The values of the effective indices are given for the maximum value of the imaginary part of the core modes. Thus, when n a is increased from 1.36 to 1.39 in the place of the phase matching point, there is a loss matching point. Figure 2 shows the contour plot of the z-component S z (x, y) of the Poynting vector at the phase matching point (λ II = 0.6575 μm) between the core guided and the plasmon modes II for a photonic crystal fiber when the refractive index of the analyte is n a = 1.36. Similarly, Fig. 3 reports the contour plot of the z-component S z (x, y) of the Poynting vector at the loss matching point (λ I = 0.78135 μm) between the core guided and the plasmon modes I for the same fiber structure Fig. 1 Cross section of a microstructured optical fiber made by 14 small air holes (radius r 1 = r 2 = = r 14 = 0.5 μm) which are placed at the vertices of a two-ring hexagonal lattice with vertice-to-vertice distance d = 2 μm (five central horizontal holes are omitted) that are inserted in a SiO 2 substrate (radius r 15 = 5 μm) which is surrounded by a gold layer (thickness r 16 -r 15 = 40 nm) and by an analyte layer-when the refractive index of the analyte is n a = 1.39. It is interesting to note that for n a = 1.39, the value of the zcomponent S z (x, y) of the Poynting vector of the type I coreguided mode at x = 0 is smaller than that obtained in the case of n a = 1.36 (the power fraction transferred to the analyte layer is 0.022937 for n a = 1.36 and 0.227788 for n a = 1.39). At the resonance wavelength, the power fraction carried in the analyte layer increases with n a for the core modes I and II (Table 2 ). Figure 4 shows the real part of the effective index versus the wavelength for the core and plasmon modes near the loss matching point (λ I = 0.78135 μm and λ II = 0.7990 μm) when the refractive index of the analyte is n a = 1.39. It is interesting to note that for each of the two types of modes I and II, there are anticrossing points between plasmonic mode and core-guided mode and then the modes of each other exchange after the anticrossing point as in [6] . Figure 5 shows the loss spectra for the core and plasmon modes near the loss matching point (λ I = 0.78135 μm and λ II = 0.7990 μm) for a photonic crystal fiber when the refractive index of the analyte is n a = 1.39. Figure 6 reports the imaginary part of the effective index versus the wavelength for the type I and II core modes near the resonance wavelength for two slightly different values of the analyte refractive index (n a = 1.39 and n a = 1.391). As expected, the core-guided mode and the plasmon mode are strongly coupled at the loss matching point in comparison with the case of phase matching point. This fact is responsible for the larger value of the power fraction carried in the analyte layer by the core mode (0.022937 for mode I and 0.152933 for mode II when n a = 1.36 and 0.227788 for mode I and 0.273888 for mode II when n a = 1.39). Also, in these modes there is an opposite variation of the resonance spectral width δλ 0.5 with the increase of the refractive index of the analyte. Thus, for a smaller value (1.36) of the refractive index of the analyte n a , the resonance spectral width δλ 0.5 is large (30.9 nm) for the core mode I and small (14.6 nm) for the core mode II but for a larger value (1.39) of n a , δλ 0.5 is small (12.2 nm) for the core mode I and large (54 nm) for the core mode II.
The maximum values of the amplitude sensitivity S A and the corresponding resolutions (assuming that a 1 % change in the transmitted intensity can be detected) for the guided modes I and II are given in Table 2 for different values of the analyte refractive index, namely 1.36, 1.37, 1.38, and 1.39. Figure 7 shows the amplitude sensitivity for the guided core modes (I and II) versus the wavelength near the resonance wavelength (λ I = 0.6552 μm and λ II = 0.6575 μm when n a = 1.36 and λ I = 0.78135 μm and λ II = 0.7990 μm when n a = 1.39). It is interesting to note that for n a = 1.36, the amplitude sensitivity S A is small (192.6 RIU −1 ) for the first core mode I and large ) for the second mode II. Figure 8 shows the resonance spectral width δλ 0.5 and the amplitude sensitivity S A for the core modes (I, II) with the increase of the refractive index of the analyte from n a = 1.35 to n a = 1.40. One observe that there is a dip of δλ 0.5 = 14.6 nm at n a = 1.36 for the core mode II and another dip of δλ 0.5 = 12.2 nm at n a = 1.39 for the core mode I. Also, there is a peak of S A = 405.7 RIU −1 at n a = 1.36 for the core mode II and another peak of S A = 886.9 RIU −1 at n a = 1.39
for the core mode I. Table 2 summarizes also all the relevant parameters of type I and II core modes to fully characterize the sensor performance: phase or the loss matching points, transmission loss α, propagation length L, power fraction P 1 in the analyte layer; power fraction P 2 in the gold layer; shift δλ res towards longer wavelengths of the phase matching point or loss matching point for an increase Δn a of the analyte refractive index by 0.001 RIU; resonance spectral width δλ 0.5 (computed at the full width at half maximum of the loss spectra); signal-to-noise ratio SNR; spectral sensitivity S λ ; spectral resolution SR λ (detection limit in the wavelength interrogation mode, assuming a spectral resolution of 0.1 nm); maximum value of the amplitude sensitivity S A and the corresponding resolution; difference Δλ between maximal amplitude sensitivity and resonant wavelengths; the figure of merit FOM, which is defined as the ratio between the spectral sensitivity S λ and δλ 0.5 [13] .
Besides the refractive index of the analyte layer, the resonance condition, sensor sensitivity, and the loss or the phase The optimized results are written with italicized characters. The asterisk refers to an assumed symmetric line shape of the wavelength-dependent loss Fig. 3 Contour plot of the zcomponent S z (x, y) of the Poynting vector at the loss matching point (λ = 0.78135 μm) between the core-guided (a) and the plasmon (b) modes (I) for a photonic crystal fiber (r 1 = r 2 = = r 14 = 0.5 μm, r 15 = 5 μm, r 16 = 5.04 μm, and d = 2 μm) when the refractive index of the analyte is n a = 1.39. The main electric fields are oriented in the same x direction on the left and right sides of the gold layer matching condition are determined by the radii of the gold layer and of the small air holes, the thickness of the gold layer. Thus, for an increase of the radius r g of the gold layer by 1 μm (that is for r = 0.5 μm, r g = 6 μm, t g = 40 nm, and d = 2 μm), the phase matching point for the core modes I(II) shifts by 7.5 nm (0.3 nm) towards longer wavelengths when n a = 1.36. Correspondingly, the shift δλ res is 3.1 nm (3.4 nm), whereas the spectral resolution SR λ is 3.2 × 10
RIU (2.9 × 10 −5 RIU).
For a decrease of the radius r g of the gold layer by 0.45 μm (that is for r = 0.5 μm, r g = 4.55 μm, t g = 40 nm, d = 2 μm), the phase matching point for the core modes I(II) shifts by 4.2 nm (3.0 nm) towards shorter wavelengths when n a = 1.36. Correspondingly, the shift δλ res is 2.5 nm (2.7 nm), whereas the spectral resolution SR λ is 4.0 × 10 −5 RIU (3.8 × 10 −5 RIU).
On the other hand for the same modified structure but when n a = 1.39, the parameters of the core modes I(II) become δλ res = 6.3 nm ( For an increase of the radius r of the small air holes by 0.1 μm (that is for r = 0.6 μm, r g = 5 μm, t g = 40 nm, and d = 2 μm), the phase matching point for the core modes I(II) shifts by 8.79 nm (11.1 nm) towards longer wavelengths when n a = 1.39. Correspondingly, the shift δλ res is 7.5 nm (8.9 nm), whereas the spectral resolution SR λ is 1.1 × 10 −5 RIU (4.2 × 10 −5 RIU). In this case, δλ res is very large (8.9 nm), δλ 0.5 = 61.6 nm and the line shape of the wavelengthdependent loss is asymmetric for the core mode II. For a decrease of the thickness of the gold layer by 10 nm (that is for r = 0.5 μm, r g = 5 μm, t g = 30 nm, and d = 2 μm), the loss matching point for the core modes I(II) shifts by 58.2 nm (56.5 nm) towards shorter wavelengths when na = 1.39. Correspondingly, the shift δλ res is 5.9 nm (7.0 nm), whereas the spectral resolution SR λ is 1.7 × 10 −5 RIU (1.4 × 10 −5 RIU). Also, the transmission loss for the guided modes I(II) is decreased to 280.1 dB/cm (294.3 dB/cm) and the power fraction carried in the analyte layer by the core mode is only 0.127993 for mode I and 0.150925 for mode II. In this case, the larger value of δλ 0.5 for higher n a is due to a supplementary interaction between core mode II (mode index ν = 1) and a higher order plasmon mode (mode index ν = 2) at the wavelength 0.6928 μm with a large loss (312.4 dB/cm) and with a large power fraction (0.130845) in the analyte layer.
Conclusions
The proposed photonic fiber-based plasmonic sensor with a thin gold layer and 14 small air holes support two types of resonant modes with a strong interaction between the core and plasmon modes near the phase or the loss matching points. ), very small difference between the wavelength for maximal amplitude sensitivity and the resonant wavelength (3.5 nm) and a symmetric line shape of the wavelength-dependent loss. On the other hand, for higher analyte refractive index values, say n a ≅ 1.39, type I core-guided ), better value of the detection limit of the amplitude-based sensor (1.1 × 10 −5 RIU), smaller value (12.2 nm) of bandwidth and the wavelength dependence of the imaginary part of the effective index is also symmetric. For n a ≅ 1.38 (refractive index for the whole human blood [14] ), one can improve the information from our sensor by using both types of modes ( Table 2 ). The basic structure that contains 14 holes where five central horizontal holes are omitted can be extended to a larger radius of the gold layer with a large number of rings in the lattice of the holes.
